We conducted a comprehensive metabolic phenotyping of potato (Solanum tuberosum L. cv Desiree) tuber tissue that had been modified either by transgenesis or exposure to different environmental conditions using a recently developed gas chromatography-mass spectrometry profiling protocol. Applying this technique, we were able to identify and quantify the major constituent metabolites of the potato tuber within a single chromatographic run. The plant systems that we selected to profile were tuber discs incubated in varying concentrations of fructose, sucrose, and mannitol and transgenic plants impaired in their starch biosynthesis. The resultant profiles were then compared, first at the level of individual metabolites and then using the statistical tools hierarchical cluster analysis and principal component analysis. These tools allowed us to assign clusters to the individual plant systems and to determine relative distances between these clusters; furthermore, analyzing the loadings of these analyses enabled identification of the most important metabolites in the definition of these clusters. The metabolic profiles of the sugar-fed discs were dramatically different from the wild-type steady-state values. When these profiles were compared with one another and also with those we assessed in previous studies, however, we were able to evaluate potential phenocopies. These comparisons highlight the importance of such an approach in the functional and qualitative assessment of diverse systems to gain insights into important mediators of metabolism.
Recent years have seen rapid advances in the application of efficient tools to create and characterize genetic diversity both within plants and other biological systems. The tandem development of transgenic knockout populations, transposon insertions, chemical gene machines, and the genotyping of single nucleotide polymorphisms within large populations have paved the way to a far more substantial base of genetic diversity than imagined a few years ago (Aarts et al., 1993; Schaefer and Zryd, 1997; Strepp et al., 1998; Cho et al., 1999; Zu et al., 1999) . That these developments have occurred in parallel with both the elucidation of complete genomes of several organisms and the rapid development of multiparallel technologies to describe properties of the biological systems (for review, see Celis et al., 2000) has provided the driving force behind many genomics initiatives. The most visible of these technologies is expression profiling (Lockhart et al., 1996; Ruan et al., 1998; Terryn et al., 1999; Aharoni et al., 2000; Richmond and Somerville, 2000) ; however, techniques for describing the protein (Shevchenko et al., 1996; Santoni et al., 1998; Chang et al., 2000) and metabolite complement (Duez et al., 1996; Matsumoto and Kuhara, 1996; Fiehn et al., 2000; Roessner et al., 2001 ) of the cell are now being widely developed.
Despite these recent advances, much research effort in the plant field is still focused on the phenotyping of the available genetic diversity on simple traits. In plants, the most common phenotypic screens are based on conditional lethality (for example, see Springer et al., 1995; Chekanova et al., 2000; Kampranis et al., 2000) , fertility (for example, see Aarts et al., 1993; Lang et al., 1994) , or an easily identifiable phenotype such as dwarfism or abnormal leaf development (for example, see Vollbrecht et al., 1991; Pepper et al., 1994; Bennett et al., 1996; Soppe et al., 1999; Hanzawa et al., 2000; Ramachandran et al., 2000) and mutants identified by biochemical phenotyping still represent a minority (for example, see Gibson et al., 1994; Dö rmann et al., 1999) . Although this approach has undoubtedly been a success in the identification of developmental mutants, and the consequent functional assignment of the respective genes, it is clear that many genes do not play a role in the determination of the visible phenotype of an organism. It has recently been estimated that up to 85% of genes present in yeast are not required for survival and only a few of these are altered in the chemical processes involved in energy production or growth (Cornish-Bowden and Cardenas, 2001) .
It seems likely that plants will contain a similar proportion of "silent genes" that therefore would be overlooked in the type of screen described above. Countless studies in which plant enzyme activities have been altered by mutation or transgenesis without a resultant change in visible phenotype back this up. For this reason, we recently developed a method to allow phenotyping at the level of the metabolite capable of routinely identifying and quantifying the level of the major constituent metabolites within the potato (Solanum tuberosum L. cv Desiree) tuber (Roessner et al., 2000) . In a first approach, we evaluated whether this protocol, in combination with bioinformatic techniques based on standard statistical methods, was capable of distinguishing systems that were genetically or environmentally modified (Roessner et al., 2001) . Here, the metabolic phenotypes of a further three genotypes, this time altered in a different metabolic pathway-that of starch synthesis, and a further three environmentally altered potato tuber systems are discussed to demonstrate the general applicability of this approach. The resultant metabolic complements were then compared with each other and to those previously determined using hierarchical cluster analysis (HCA) and principal component analysis (PCA). The primary aims of this work were 2-fold; on the one hand, to perform a more detailed characterization of the perturbed tuber systems in the hope of gaining a fuller understanding of the interactions between their component pathways, proteins, and metabolites; and on the other hand, we wanted to determine the clustering patterns of the metabolic complements of tubers exhibiting genetic modifications in different metabolic pathways. In particular, we proposed to evaluate possible phenocopies by assessing the similarities and differences between these samples and samples that were metabolically perturbed by incubation of various concentrations of sugars.
RESULTS

Environmental Perturbation of Wild-Type Tuber Discs
In our previous study, we characterized the metabolic changes following short-term incubation of potato tuber parenchyma tissue in various concentrations of Glc (Roessner et al., 2001) . Here, we present additional data from parallel incubations of tuber tissue in varying concentrations of Suc, Fru, and mannitol. Discs were cut directly from developing tubers of healthy 10-week-old wild-type potato plants and incubated for 2 h in buffered medium {10 mm MES [2-(N-morpholino)-ethanesulfonic acid]-KOH, pH 6.5} containing 20, 50, 100, 200, and 500 mm of the appropriate sugar. The metabolite complement of these discs was then assessed using a recently established gas chromatography (GC)-mass spectrometry (MS) protocol (Roessner et al., 2001 ). In addition, discs that were incubated in buffer alone were analyzed to evaluate the number of changes that were due merely to this treatment. From the resultant profiles, it became apparent that significant changes occurred only in the discs incubated in 100, 200, or 500 mm of the sugars and only slight changes were observed in those incubated in 20 or 50 mm sugar. We always observed a striking increase in the cellular level of the fed sugar; however, there were other dramatic changes in metabolism, some of which were comparable with those reported in a similar, smaller experiment carried out by Geiger et al. (1998) , but others are novel to this study. The most interesting of these changes are highlighted in Figure 1 ; in addition, the full data set can be viewed on our web page (http://www.mpimp-golm.mpg.de/willmitzer/ metabolic-profiling-e.html).
From the many changes determined following these incubations, the ones of particular interest were increases in the Fru and hexose-P pools with only a mild parallel increase in Suc following incubation in Glc (Roessner et al., 2001 ; data presented here for ease of comparison). Also, following this treatment, the levels of Man and ascorbate increased (Fig. 1) , whereas the levels of amino acids did not. A similar pattern of changes was observed in tuber discs fed with varying concentrations of Fru. Changes observed on incubation in buffer alone were minor. The level of Glc (although lower than the wild-type steady-state level) tended to increase with increasing Fru concentration, whereas the level of Suc showed no clear trend under the different experimental conditions. Although similarities were also observed in the Man and maltose levels of discs incubated in either Fru or Glc, there was no clear trend in the level of Glc 6-phosphate and the total amino acid content actually decreased on incubation with higher concentrations of Fru. In contrast to the hexose-fed samples, Suc feeding led to very few changes in the metabolite profiles of the discs despite the fact that it resulted in significant increases in the levels of Glc and a marked (up to 3-fold) increase in the level of Fru. The notable exceptions to this statement are the 2-fold increase in ascorbate and total amino acids and also an increase in maltose in discs incubated in 500 mm Suc. Because there were very few changes in the metabolic profiles following incubations in mannitol, the majority of the above changes were most probably a direct consequence of the sugars themselves or metabolic products thereof rather than a general osmotic response. A notable exception to this was the pattern of fluctuation in Suc levels following incubation in various concentrations of Glc, Fru, and mannitol; although these fluctuations were relatively minor, they were very similar indicating some influence of osmotic factors on metabolism.
HCA and PCA of the Metabolic Complements of the Incubated Samples
From the size of the data set obtained, it is clear that simple point-by-point analysis represents a daunting task. For this reason, we decided to also apply contemporary bioinformatic tools to our data set. Given that there is a fair degree of natural variation in metabolite levels (exemplified by the relative values of discs incubated in buffer alone; Fig. 1 ), we chose to plot all individual chromatograms, rather than the mean values presented earlier. A further advantage of taking this approach is that it means we are able to assess if individual discs incubated in the same sugar and/or concentration exhibited similar behavior with respect to their total metabolic profile. Applying cluster analysis to the full data set obtained following GC-MS analysis of the above samples revealed interesting results. HCA showed that the tuber discs incubated in buffer alone had the most similar metabolite complement to the steady-state wild-type levels ( Fig. 2A) , suggesting that the incubation alone had relatively minor implications for metabolism. Furthermore, all mannitol-fed samples formed a distinct cluster that was more similar to the samples incubated in buffer alone than that of any of the other fed samples. This finding provides further support to our earlier claim that the response of metabolism to the exogenous supply of sugars was largely not determined by osmotic effects. Other clusters that formed, with increasing distance from the wild-type steady state, are samples incubated in low concentrations of Fru, in low concentrations of Suc, and finally in high concentrations of Glc and Suc. It is surprising that samples incubated in high concentrations of Fru and low concentrations of Glc represent individual clusters. In summary, however, these data demonstrate the difficulties inherent in resolving a large number of similar samples by a hierarchical approach. Taking a second, complementary approach-that of PCA-similar trends were revealed, although results from the two approaches were not in absolute agreement. Using PCA, the samples incubated in buffer alone coclustered with the wild-type steady-state samples but once again the mannitol-fed samples form a discrete cluster not too distant from this cluster. Although discs incubated at a defined concentration of a sugar essentially coclustered, they did not form discrete clusters from the other incubations in the respective sugar. The Glc-, Fru-, and Suc-fed samples, however, were distinct from the wild-type and mannitol clusters and formed essen- tially discrete clusters (represented by the elipses in Fig. 2B ), with only minor overlaps.
Loadings, which define the most important components with respect to the clustering behaviors of these samples, revealed that maltose, Fru, and Glc were major components of these analyses. This is somewhat predictable because they exhibited the largest changes following treatment with Glc, Fru, Suc, and mannitol; however, Asn, Trp, Ala, Tyr, Lys, glycerol, and Arg also contributed significantly to the cluster formation (data not shown). Moreover, the PCA result was essentially the same when the fed compounds were excluded from the cluster analysis, demonstrating that the clusters were not formed exclusively on the increase in the introduced metabolite and thus allowing us confidence in interpreting the data with respect to general changes in metabolism (data not shown).
Metabolic Profiles of Transgenic Plants Impaired in Starch Synthesis
Our previous study also concentrated on the analysis of the metabolic complements of three different transgenics altered in their Suc mobilization (Suc phosphorylase expressers and plants engineered to have a highly increased invertase activity both in combination with, and independently of, glucokinase activity; Roessner et al., 2001 ). Here, we decided to extend this study to encompass three further transgenic potatoes, this time inhibited in starch synthesis (ADP glucose pyrophosphorylase [AGPase], Mü ller-Rö ber et al., 1992; plastidial PGM, Tauberger et al., 2000 , Fernie et al., 2001b and cytosolic phosphoglucomutase [PGM], Fernie et al., 2001c) . These transgenics have been preliminarily characterized at the metabolic level where we previously postulated that they phenocopied one another. However, these previous studies were limited in the scope of metabolites determined; therefore, we decided to perform a more comprehensive analysis of the metabolite complement of these lines. In an initial experiment, the various transgenic plants were grown alongside one another under identical greenhouse conditions and samples were harvested from developing tubers. We chose the lines AGP-85 and AGP-93 (Mü ller-Rö ber et al., 1992); cPGM-29, cPGM-44, and c-PGM 66 (Fernie et al., 2001c) ; and pPGM-5, pPGM-9, and pPGM-60 (Tauberger et al., 2000; Fernie et al., 2001b) for this study because the primary metabolic changes in these lines are well documented and are characteristic of those found on expression of the respective transgenes.
We confirmed that these lines had similar changes in the introduced enzyme activity and in the major storage carbohydrate pools as previously reported and were as such suitable for further experimentation. Following this, we extracted six replicate samples from the same plants as used for the primary characterization and separated and characterized the detectable hydrophilic metabolite complement using GC-MS. Due to the large sample size of this experiment, containing eight transgenic lines and therefore a total of 48 independent transgenic tuber samples, we extracted a separate set of wild types per each set of transgenics, despite the fact that all plants were grown under identical conditions, to allow us independent references for each individual machine run. Results from this analysis are presented in Table I . The data set is comprised of 49 metabolites defined with respect to their chemical nature including sugars, sugar alcohols, amino acids, organic acids, and several miscellaneous compounds. The majority was found to alter within the transgenic lines. From perusal of the table, it becomes apparent that the plastidial PGM and AGPase lines exhibit similar changes in metabolite pool sizes, whereas patterns of change in the poolsizes of the cytosolic lines are less clear (Table I ). AGPase and pPGM lines are characterized by dramatic reductions in many amino acids, most notably Ala, Arg, Asp, Lys, Phe, Ser, Trp, and Tyr and also in organic acids exemplified by decreases in isocitrate, oxalate, and shikimate in both transgenic plants. Furthermore, both systems had elevated levels of hexose-phosphates. Despite these similarities, marked differences also occurred between these transgenic lines-for example, only AGPase lines were characterized by large increases in mannitol and Man and only pPGM line 60 exhibited increases in Glc and malate. In contrast, the majority of the changes in metabolite levels observed in the cPGM plants are quite different to those observed in the transgenic lines studied here. There is no clear trend in the levels of many metabolites because many amino acids decrease and many phosphorylated intermediates increase in the lines cPGM-29 and cPGM-44, whereas the same amino acids increase in line cPGM-66, which is furthermore characterized by a decrease in the level of Glc-6-phosphate.
HCA and PCA of the Metabolic Complement of Transgenic Potato Tubers
Next, we decided to compare the transgenics analyzed in this study with those studied in our previous study (Roessner et al., 2001) . When taken together, data from these seven transgenic plants constituted 19 transgenic plant lines, each separate genotype with its own corresponding wild type and yielding approximately 8,000 data points. To gain a rapid way to analyzing this data set, data-mining tools were once again applied to the data. Using HCA and PCA, it was possible to determine tubers that exhibited similar changes in their metabolite profile as well as those that have distinct differences in the level of certain metabolites.
When HCA was applied to the data set obtained from the analysis of the transgenic potato tubers mentioned above (Fig. 3A) , two large clusters could be observed. In the lower cluster, all samples were characterized by a highly increased Suc mobilization within the cytosol (INV2, GK3, and SP), whereas the upper cluster included wild-type tubers and those exhibiting alterations in the levels of starch synthetic enzymes. When the lower cluster is analyzed in detail, it is clear that the cluster formation is the same as that obtained from the application of HCA to only these transgenics (Roessner et al., 2001) . Again, the tubers expressing the invertase in the cytosol and these in combination with the glucokinase were clustered together and the tubers expressing the Suc phosphorylase formed a distinct cluster. The only difference between the two analyses was that line INV2-42, which represents the weakest line of the INV2 lines, clustered differently. However, it is an inherent feature of this form of cluster analysis that a different cluster pattern is formed because a new hierarchy is established whenever a data set is expanded or contracted. In contrast to the lower cluster, the upper cluster can be divided into several subclusters. However, only the tubers expressing the invertase in the apoplast and those that are inhibited in the AGPase activity resolved independently. In contrast, the tubers reduced in the expression of the plastidial or cytosolic phosphoglucomutase essentially coclustered with wild-type tubers. Some tubers inhibited in the expression of either one or the other isoform of phosphoglucomutase did not fall into this subcluster but gave separate distinct clusters of their own. When PCA was applied to the data set, similar trends to those described above were observed. Once again, the INV2, together with the GK3 lines and SP lines, constitutes single and independent clusters and the samples of the INV2-42 line clustered on its own (Fig. 3B) . The other transgenic lines (INV1, ␣PGMI, ␣PGMII, and ␣AGP) clustered independently to the Suc mobilizers. Within this subcluster, only the INV1 lines and the ␣AGP lines were resolved into subclusters. Lines inhibited in the activity of either plastidial or cytosolic phosphoglucomutase clustered together with the wild-type tubers and within this cluster it was not possible to identify subclusters that represented individual transgenic plants. Loadings indicated that the metabolites that exhibited a large contribution to the cluster formation, i.e. PT00, maltose, Trp, 6-phosphogluconate, maltitol, and trehalose, represent novel compounds only detectable in certain transgenic tubers with respect to wild-type tubers. Other compounds that were detected in all analyzed tubers and contributed significantly to the clustering result were Glc, Gal, Suc, Man, Fru, inositol, ␣-ketogluterate, fumerate, and the phosphorylated intermediates 3-phosphoglyceric acid, Glc-, and Fru-6-phosphate (data not shown).
Resolution of Genotypes Impaired in Starch Synthesis
Analysis of the data obtained after metabolite profiling of all analyzed transgenic potato tubers revealed that the tubers of the INV2-, GK3-, and SPlines that are altered in cytosolic Suc mobilization formed distinct clusters, suggesting that these tubers represent individual phenotypes despite bearing genes targeted to the same metabolite. However, the other transgenic lines formed one single large cluster, in which the samples of the INV1 and AGPase lines could nevertheless be distinguished, indicating that the metabolite complements of all these tubers are to some extent similar.
HCA was next applied to a subset of the data including only results obtained from profiling the AGPase, cPGM, and pPGM lines to simplify the comparison and thus allow discrimination of patterns that were obscured in graphs containing the full data set. Following this analysis, three major clusters could be resolved (Fig. 4A) . The upper cluster contained two subclusters, the first included all wildtype samples, and the second mainly consisting of samples from the cPGM tubers (but also included samples of pPGM-60, exhibiting the weakest inhibition of the plastidial phopshoglucomutase; Tauberger et al., 2000; Fernie et al., 2001d) . The lower major cluster could be further divided into two subclusters, one including the strongest lines of the pPGM plants and the other including both AGPase lines, revealing that these transgenic tubers have very similar metabolite complements. The final subcluster, samples of cPGM-44, joined the other samples at a great distance. This is not so surprising because previous studies established that this line exhibited the most severe reduction in cytosolic phosphoglucomutase activity and furthermore was characterized by the most dramatic phenotypic and metabolic changes (Fernie et al., 2001c) . When PCA was applied exclusively to theses lines, however, a slightly different picture emerged (Fig. 4B) . Using this method, it was possible to clearly identify the samples derived from plants inhibited in the activity of AGPase within one independent and distinct cluster, whereas the samples of the plants expressing reduced levels of either plastidial or cytosolic phosphoglucomutase clustered together with wild-type samples. However, the pPGM samples were in a distinct subcluster to that of the cPGM samples, which showed considerable overlap with wild-type samples. Loadings from this PCA revealed that Gal was the metabolite that contributed the most to the cluster formation with the amino acids Gln, Tyr, Trp, Ala, Phe, Leu, Lys, Pro, and Asn, the hexose monophosphates and Fru also having a large influence on the pattern formation (data not shown).
Comparison of Metabolic Complements of Genetically and Environmentally Modified Systems
The above examples detail independent analysis of genetic and environmentally modified samples. Following these analyses, it was decided to compare all modified systems within a single analysis. HCA analysis of the resultant combined data set resulted in a very complex dendogram that was nevertheless, as would be expected, very similar to the dendograms of independent analysis of genetic or environmentally manipulated potato tubers (Fig. 2, A and B) . However, when PCA was applied to this data set, several interesting results could be observed more clearly (Fig. 5) . Samples of the INV2-, GK3-, and SP-lines formed a clustering pattern that was similar to that observed previously ( Fig. 3A ; Roessner et al., 2001) . In contrast, all other samples transgenically and environmentally manipulated systems assembled in one single cluster. The wild-type samples, samples incubated only in buffer, and samples of the AGPase and phosphoglucomutase transgenics could be identified in one large cluster (overlapping with the samples incubated in mannitol), suggesting that the metabolic complements of all these samples are very similar in comparison with those of the other samples analyzed. The loadings for this complete analysis were very similar to those obtained when PCA was carried out on only the genetically diverse systems, with the exception that malate played a far larger contribution to the pattern formation in this analysis (data not shown). It is interesting that there was a clear separation to the samples incubated in Suc, Fru, and Glc; Glc completely and Fru partially overlapped with the samples of the INV1 tubers, thus allowing us to refine our previous statement that the elevation of extracellular Glc was able to phenocopy apoplastic expression of invertase because it is clear that elevation of extracellular Fru also phenocopied this manipulation. An in-depth comparison of changes in the chromatograms of the three modified systems confirmed that they were indeed very similar. Furthermore, when this region of the PCA is expanded and annotated, there is a clear trend of distance from the wild-type steady-state samples that can be observed both with increasing activity of the transgene and also with increasing external hexose concentrations (Fig. 6) .
DISCUSSION
This study illustrates the potential of comprehensive metabolic analysis coupled to statistical methods of cluster analysis for phenotypic studies and thus by implication for functional genomics. We have previously used the techniques described in this paper to phenotype transgenic lines exhibiting enhanced Suc mobilization (Roessner et al., 2001) . Here, we chose to extend this profiling to encompass lines impaired in starch synthesis either by inhibition of AGPase, plastidial PGM, or cytosolic PGM and to tuber discs incubated in various concentrations of Suc, Glc, Fru, or mannitol. All the transgenic lines have been fairly well characterized at the metabolic and morphological levels. The metabolic profiles of these systems revealed changes in the levels of very many metabolites with extracts from lines with reduced expression of AGPase and pPGM displaying very similar changes with respect to wild type. That these tubers displayed similar metabolic complements is in keeping with our previous suggestions that these transgenics phenocopy one another (Tauberger et al., 2000; Fernie et al., 2001c) .
Furthermore, it is interesting that there were large changes in metabolites levels within the transgenic systems studied here, yet not all the plants displayed a visible phenotype. This is, however, not so surprising because results from many previous studies have indicated a high level of functional redundancy in plant systems, and furthermore, in many cases where visible phenotypes were observed, enzyme activity often needed to be reduced below a certain low threshold level. Examples of this include the miniature phenotype of maize (Zea mays) mutant min1 (Cheng et al., 1996) and the decreased potato tuber Figure 4 . A, Dendogram obtained following HCA of the metabolic profiles of the genetically modified potato systems impaired in starch synthesis. Wherever possible, individual branches are grouped in brackets for ease of reading. B, PCA of the metabolite profiles of the genetically modified potato systems impaired in starch synthesis. Samples representing wild type (green circle), pPGM (yellow circle), cPGM tubers (red circle), and AGPase tubers (blue circle) are marked as described for ease of comparison. PCA vectors 1 and 2 were chosen for best visualization of differences between experimental treatments and include 57.0% of the information derived from metabolic variances.
yield observed on the antisense repression of Suc synthase (Zrenner et al., 1995) , which were only observed on the loss of 90% and 70% of the respective gene activities. The fact that we could discriminate these lines from the wild type on the basis of their metabolic complements therefore provides support for the importance of a broad metabolic screen in comprehensive phenotyping strategies.
The metabolic consequences of sugar feeding were relatively minor with incubation of tuber discs in low concentrations of sugar having very little effect on metabolism; however, incubations in high concentrations led to dramatic changes in the levels of most metabolites. That large effects on metabolism were observed following incubation in high levels of sugars is in agreement with many gene expression studies revealing large changes in transcript levels under such conditions (for example, see Godt et al., 1995; Roitsch et al., 1995) . Furthermore, these data are generally in close agreement with the smaller metabolite data sets obtained following incubation of tuber discs (Geiger et al., 1998) and Chenopodium rubrum suspension cultures (Hatzfeld et al., 1990) in media containing high sugar concentrations. However, the fact that so many metabolic changes occur following these short-term feedings may have implications for many earlier studies on carbohydrate mediated gene expression (see Huang et al., 1993; Fu et al., 1995; Hesse and Willmitzer, 1996) because it follows that incubation of tissue in high concentrations of sugars results in dramatic changes in metabolites other than that supplied, thereby complicating the interpretation of changes in transcript level following such experiments. On a more positive note, several interesting results emerge from these feeding experiments, two of which are particularly striking. Following incubation of potato tuber discs in high concentrations of either Glc, Fru, Suc, and mannitol, there was a large increase in Trp, despite there being a tendential decrease in total amino acid content following the majority of these incubations. Because this specific increase in Trp was also observed on incubation in mannitol, it can be best interpreted as a stress response. Similar increases in Trp biosynthesis in re- sponse to stress have been characterized in many species, perhaps most thoroughly in Eschericia coli (Yanofsky and Horn, 1994) ; however, this effect has also been commonly observed in plant species (for example, see Liuz et al., 1995; Mobley et al., 1999; Pustovoitova et al., 2000) . In addition, samples incubated in high levels of Suc exhibited increases in the level of every single amino acid. This finding is consistent with the results of our previous study in which we showed that all amino acids increased in tuber tissue of several lines expressing Sucdegrading proteins under a tuber-specific promoter but not in the leaves (Roessner et al., 2001) . When taken together, these data give strong support for our theory that the potato tuber has the required machinery to synthesize amino acids de novo. Increased synthesis of many amino acids has previously been observed following incubation of tobacco leaf tissue in 25 mm Suc, where it correlated with an increased rate of nitrate assimilation and an increased oxogluterate synthesis (Morcuende et al., 1998) . However, the exact reason for the increase in amino acid contents observed in this study following incubation in Suc but not in Glc, Fru, or mannitol remains mysterious especially when it is considered that our previous observations were made in transgenic tubers exhibiting very low levels of Suc.
In addition to analysis of the changes in individual metabolites, we analyzed the metabolic complements using the statistical tools HCA and PCA. We performed a number of analyses with respect to sugarfed samples and genetically modified samples to identify phenocopies at the level of the metabolic complement. The two different statistical approaches gave slightly different results; however, this is to be expected because they effectively ask different questions. The primary purpose of HCA is to present data in a manner that emphasizes natural groupings, whereas PCA reduces dimensionality of the data and allows display of linear combinations of the original independent variables that account for maximal amounts of variation. However, the fact that similar results were obtained using both approaches shows that the conclusions are not inherently biased by the methodology used. The combination of these approaches gave many insights into the similarity of the systems studied.
We mentioned above that on individual analysis of the component metabolites in the transgenic systems that pPGM plants appeared to phenocopy the AGPase plants. This observation was also made from the results of HCA, being particularly apparent when only those samples genetically impaired in starch synthesis were taken into consideration. In this example, however, the results of the PCA were somewhat different. If only the most important components of the analysis were considered (i.e. the first component axis), AGPase and pPGM lines seemed fairly similar; however, they were not on consideration of further components. That said, when all analyzed transgenic systems were compared together it became clear that those impaired in starch synthesis are clearly distinct from those exhibiting increased Suc mobilization. This is in itself intriguing because earlier measurements documented that the lines expressing Suc-degrading proteins were also characterized by a reduced starch accumulation (Sonnewald et al., 1997; Trethewey et al., 1998 Trethewey et al., , 2001 . Therefore, these data may imply that the reduction of starch accumulation in these Suc-mobilizing lines is not a direct result of the inhibition of either isoform of phosphoglucomutase or of AGPase; however, further biochemical studies are required to assess if this interpretation is correct. The fact that the Suc mobilizing lines are more distinct from wild type than those inhibited in starch synthesis is also very interesting, although perhaps not so surprising because the lines enhanced in Suc mobilization have previously been demonstrated to exhibit marked differences in Suc mobilization and resynthesis and starch synthesis and glycolysis, whereas those impaired in starch synthesis appear to be altered only in starch synthesis and Suc resynthesis. However, these data do support theories of an essential role for the supply to and subsequent metabolism of Suc within heterotrophic plant tissues (Riesmeier et al., 1994; Gottwald et al., 2000) .
A further insight gained using principal component analyses was that Fru feeding can, at least to a Figure 6 . PCA of the metabolic profiles of wild-type potato tubers, Fru-fed tuber discs, and apoplastic invertase-expressing tubers. PCA vectors 1 and 2 were chosen for best visualization of differences between experimental treatments and include 53.3% and 65.4% of the information derived from metabolic variances, respectively. limited extent, phenocopy transgenic potato tubers expressing invertase in the apoplast. However, from both the PCA analysis and the analyzed chromatograms, it is clear that these two systems diverge at high concentrations of Fru and high activity of invertase and therefore these systems are not absolute phenocopies of one another. Despite this fact, these results mean that we have to modify our earlier conclusion to state that apoplastic invertase-expressing tubers can be phenocopied by exogenous application of hexoses and as such the putative sugar-sensing factor present in the apoplast (Lalonde et al., 1999; Fernie et al., 2000) may not be as specific for Glc as we had previously postulated.
Although phenocopying of genetic manipulation has also previously been achieved in plants on a number of other occasions (for example, see Tsuchimoto et al., 1993; Lehman et al., 1996; Cheng and Chourey, 1999; Yephremov et al., 1999; Adams et al., 2000; Beemster and Baskin, 2000) , very few attempts have been made to distinguish metabolic phenocopies either within plants or any other species (Feifel et al., 1993; Zhou et al., 1998; Marx et al., 1999) . The data obtained in the current study are particularly interesting when considered alongside those from a recent studies of the Minature1 mutant of maize also characterized by a deficiency of apoplastic invertase and exhibiting dramatically impaired growth with developing seeds typically exhibiting a loss of 70% to 80% of the normal seed weight (Cheng et al., 1996) . Anatomical, biochemical, and histological data obtained from in vitro kernel development experiments revealed that the mutant phenotype remains irrespective of Suc or hexose supply in the culture medium (Cheng and Chourey, 1999) . The authors convincingly argue that in this case, the invertase-mediated release of sugars, and not the exogenous supply of sugars, is critical for appropriate carbon partitioning and normal seed development in maize. Although our study is restricted to the levels of metabolites following incubation in sugar, and we have no idea whether the sugar supply is able to complement the increased rate of cell division previously observed in the apoplastic invertase tubers (Tauberger et al., 1999) , it is clear here that the exogenous supply of sugar is able to phenocopy the metabolic complement of the apoplastic invertase tubers. It is surprising that the exogenous application of sugars is able to phenocopy a deficiency in invertase activity in potato tuber tissue but not in maize; however, it is likely that routes of sugar metabolism and/or mechanisms of sugar sensing differ between these species.
In summary, the examples chosen here show that phenotyping and consequently the identification of phenocopies can be rapidly carried out at a metabolic basis. Furthermore, although we showed that pPGM and AGPase lines phenocopy one another, at least to a limited extent, they are still distinguishable. This result gives valuable insight into the high resolving power of metabolic profiling because it constitutes evidence that this method is able to resolve two genotypes even when they differ only in the expression levels of consecutive enzyme activities within a simple linear pathway.
MATERIALS AND METHODS
Plant Materials
Potato (Solanum tuberosum L. cv Desiree) was obtained from Saatzucht Lange AG (Bad Schwartau, Germany). The generation and selection of the transgenic lines used here have been described previously by Mü ller-Rö ber et al. (1992) , Sonnewald et al. (1997) , Trethewey et al. (1998 Trethewey et al. ( , 2001 , Tauberger et al. (1999), and Fernie et al., (2001c) . Plants were maintained in tissue culture with a 16-h-light, 8-h-dark regime on Murashige and Skoog medium (Murashige and Skoog, 1962 ) that contained 2% (w/v) Suc. In the greenhouse, plants from transgenic lines and wild-type controls were grown in parallel under the same light regime with a minimum of 250 mol photons m Ϫ2 s Ϫ1 at 22°C. In this paper, the term developing tubers is used for tubers (over 10 g fresh weight) harvested from healthy 10-week-old plants and the term set of transgenics is used to describe plants expressing the same transgene. Samples were harvested by cutting discs into liquid nitrogen directly from tubers attached to the mother plant and were taken from six independent plants per line.
Chemicals
All chemicals and pure standard substances were purchased from either Sigma-Aldrich Chemie GmbH (Deisenhofen, Germany) or Merck KgaA (Darmstadt, Germany).
Confirmation of Preliminary Biochemical Characteristics of Transgenic Lines
Extraction and assaying of AGPase and phosphoglucomutase activities were carried out according to Fernie et al. (2001b) . Carbohydrate levels were determined exactly as described by ap Rees and Morrell (1990) .
Extraction, Derivatization, and Analysis of Potato Tuber Metabolites Using GC-MS Analysis
Potato tuber tissue (100 mg) was extracted and derivatized exactly as described by Roessner et al. (2000) . Sample volumes of 1 L were then injected with a split ratio of 25:1 using a hot needle technique. The GC-MS system was comprised of an AS 2000 autosampler, a GC 8000 gas chromatograph, and a Voyager quadrole mass spectrometer (ThermoQuest, Manchester, UK). GC was performed on a 30-m SPB-50 column with 0.25-m film thickness (Supelco, Bellfonte, CA). The injection temperature was set at 230°C, the interface was set at 250°C, and the ion source was adjusted to 200°C. Helium was used as the carrier gas at a flow rate of 1 mL min Ϫ1 . The analysis was performed using the temperature program described in Roessner et al. (2000) . Mass spectra were recorded at 2 scan s Ϫ1 with an m/z 50 to 600 scanning range. Peaks were assigned and quantified and all data were normalized to the mean response calculated for the wild-type control of each measured batch; to allow comparison between the samples, individual wild-type values were normalized in the same way (Roessner et al., 2001) . The recovery of small representative amounts of each metabolite through the extraction, derivatization, storage, and quantification procedures has been documented previously (Roessner et al., 2000) .
Incubations of Potato Tuber Slices
Fru, Suc, and mannitol incubations were performed essentially as described by Geiger et al. (1998) . Discs were cut directly from developing tubers from wild-type plants and washed three times in 10 mm MES-KOH (one disc was cut from a tuber of four independent plants per incubation). They were then placed in 100-mL flasks (eight discs per flask) containing 5 mL of incubation medium (10 mm MES-KOH, pH 6.5), supplemented with 0, 20, 50, 100, 200, and 500 mm of sugar and incubated with agitation (at 150 rpm) for 2 h, after which an aliquot of the incubation media was immediately taken and frozen in liquid N 2 for subsequent analysis. Samples were then washed three times in 10 mm MES-KOH (pH 6.5) before they were dried and frozen in liquid N 2 for subsequent analysis. Analysis of the tuber extracts was carried out as described above with the exception that the Glc level of the sample was quantified by calibration as described previously (Roessner et al., 2000; Fernie et al., 2001a) .
Cluster Analysis
HCA and PCA were obtained using the informatic program Pirouette 2.6 (Infometrix, Woodinville, WA). HCA allows the presentation of complete linkage clusters results in a dendogram represented by a similarity factor between 1 and 0 with 1 being the most similar. All HCAs described in this paper use the Euclidean distance to calculate the matrix of all samples and are transformed into log 10 to allow better comparison of large and small numbers. For PCA, a covariance matrix approach was taken in which the n-dimensional data set was transformed by log 10 and then further into a second n-dimensional data set in which what was designated as the most important information of the original data set was stored in the first few dimensions. The results of these analyses were then presented as a twodimensional graphical display of the data in which the presented ellipses cover points belonging to the defined biological population.
